We present a comparative study of vortex pinning efficiency in superconducting (V) thin films grown on two similar triangular arrays of superconducting (Nb) and nonsuperconducting (Cu) nanodots. Resistance and magnetization anomalies at the same matching fields confirm the same pinning periodicity in both samples. However, we found two distinct features: First, the sample with superconducting dots shows stronger pinning that appears as sharper matching peaks in magnetization loops and shows higher critical current density and larger critical field at low temperatures. Second, an overall increase in the resistance of the V film with Nb nanodots is observed, while there is a crossover in the temperature dependence of the critical field and the critical current of both samples at T = 3 K. This crossover corresponds to the temperature when the superconducting coherence length of V thin film equals the edge-to-edge distance between nanodots. We argue that this change in superconducting properties is related to the change in the superconducting regime from pinning enhancement at low temperatures to a superconducting wire network at high temperatures.
I. INTRODUCTION
The improvement of vortex pinning efficiency in type-II superconductors has been the focus of many experimental and theoretical investigations [1] . It is well established that artificial pinning centers can substantially enhance the superconducting critical current density (J C ) whenever the density of vortices matches the underlying pinning landscape ("pinning enhancement"). This commensurability effect between vortices and pinning landscape has been widely studied in different periodic [2] and nonperiodic [3, 4] pinning geometries using pinning centers such as micrometric and submicrometric holes [5] [6] [7] [8] , blind holes [9, 10] , and magnetic [11, 12] and nonmagnetic dots [13, 14] .
Matching effects appear as "dips" in the magnetic field dependence of the resistance, R(H ), and "peaks" in the field dependence of the magnetization, M(H ), when an integer number of flux quanta, nφ o , is commensurate with the unit cell of the pinning centers [5] . However, when the width (w) of the superconducting (SC) strips around the dots is comparable to the SC coherence length, ξ (T ), the vortices are too large to locate in interstitial positions. In this case, matching also occurs at integer flux quantum fields, but the sample is described as a SC wire network [15] . These matching effects are due to the additional suppression of the SC critical temperature (T C ) by magnetic field at noninteger flux quantum values arising from the fluxoid quantization, the so-called Little-Parks effect [16, 17] .
It has been theoretically demonstrated that a stable vortex configuration can be achieved using a SC pinning landscape [18] . In this case, SC dots contribute to the pinning
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through two mechanisms: (i) structural defects due to the corrugation and (ii) diamagnetic contribution of the dots in the SC state. The latter distinguishes the pinning mechanisms of SC pinning centers from normal or magnetic pinning centers. However, little experimental work has been done in exploring SC pinning landscapes [19, 20] . In Ref. [19] periodic square arrays of Nb cylinders were used as pinning centers for Nb. These SC pinning centers are found to be repulsive for the SC vortices. While these studies did not observe clear matching resistance minima, the slope of R(H ) changed at matching fields, i.e., where the number of vortices was an integer or half integer times the number of protruding cylinders. Subsequent work reported [20] on the vortex dynamics of Nb thin films containing a dense triangular array of submicron V dots, in which the T C (Nb film) was larger than the T C (V dots). In this case, the ac susceptibility shows an abrupt change in vortex mobility across the expected superconducting transition of the V dots. The vortex lattice responds with lower mobility when the V dots are in the SC state. Due to the low superconducting critical field of the V dots, this behavior could only be observed in a limited field region. While these works show the pinning properties of SC dots and suggest the possibility of commensurability effects by a SC pinning landscape, they do not probe the pinning strength nor do they provide direct evidence of the superconducting character of the dots. We propose an approach in which the T C of the SC film is lower than the T C of the pinning centers which allows investigating the effectiveness of pinning landscape in a wider range of temperature and applied fields.
In this work we present a study on superconducting V films with periodic superconducting Nb nanodot arrays, in which the pinning centers have higher T C than the SC film. We observe clear commensurability effects due to SC pinning and we compare it with an equivalent sample with nonsuperconducting (Cu) nanodots. We show that Nb pinning centers are more effective than Cu pinning centers, with ∼30% higher critical current density (J C ) at low temperatures. However, the temperature dependence of the superconducting properties of the V film is unexpected. The critical field (H C2 ) and J C of V on SC dots drop below the values of V on nonsuperconducting dots at T > 3 K. We relate this decrease to the crossover between the coherence length [ξ (T )] and the edge-to-edge separation between the dots.
II. EXPERIMENTAL DETAILS
We compared the properties of three different samples: (1) "Nb-down," consisting of an array of superconducting Nb dots with a V film on top; (2) "Cu-down," consisting of an array of nonsuperconducting Cu dots with a V film on top; and (3) "Nb-up," consisting of an array of Nb dots deposited directly on top of a V film. Samples (1) and (2) which are corrugated due to the underlying dots were used to study the role of superconducting versus nonsuperconducting pinning centers. The third sample, Nb-up, was the reference which allows to study and compare the role of corrugation. In addition to these samples we grew the following reference samples: Nb film (40 nm), V film (100 nm), and Nb (40 nm)/V (100 nm) bilayer.
All samples were grown on 4 × 4 mm 2 highly resistive (ρ = 5000−8000 cm) (100) silicon substrates. V film, 100 nm thickness, was deposited simultaneously on all samples. Metal evaporation was done by electron beam deposition at a rate of 3Å/s in a high-vacuum system with a base pressure of 2 × 10 −8 Torr. The coverage of large-area samples with Nb and Cu dots was achieved using 300-nm-thick Al 2 O 3 porous membranes. These membranes were fabricated from pure (99.99%) Al foil following the two-step anodization method described in Ref. [21] . After anodization, the membranes were transferred onto Si substrates, for the fabrication of Nb-down and Cu-down, and onto V thin film for the Nb-up sample. The membrane transferring process was conducted following the method described elsewhere [22] . This approach allows obtaining nanopatterns in large areas and therefore enabling the characterization of magnetic properties by conventional magnetometry techniques. Figure 1 shows the scanning electron microscopy (SEM) of the Nb array in the Nb-down sample, prior to V deposition. The thickness of Cu and Nb dots t = 40 nm was determined from low-angle x-ray reflectivity using continuous reference films. SEM characterization shows that Nb and Cu dots are arranged in triangular lattices with identical density and comparable domain size (larger than several microns). Dot diameter d = 70 nm ± 5 nm and lattice parameter a = 100 nm ± 5 nm were obtained by quantitative image analysis using the Microscopy Image Segmentation Tool (MIST) software [23] .
Electrical transport and magnetization measurements were conducted in a Quantum Design Dynacool system. All temperature-dependent measurements were carried out following a zero-field cool protocol: The samples were cooled to 2 K at zero magnetic field before the measurements were initiated. In all cases, the applied magnetic field was perpendicular to the sample surface. Magnetization measurements were performed by vibrating sample magnetometry (VSM) as a function of field (±5 T), and as a function of temperature (2−9 K). Subsequent magnetoresistance measurements were performed using a four-probe configuration with electrical currents in the range of 1 μA to 10 mA. The temperature was set with a pre- cision of ±1 mK. In addition to these standard measurements, the superconducting transition of Nb dots was independently determined from magnetic field modulated microwave spectroscopy (MFMMS) [24] . The MFMMS data were obtained with 200-Oe external dc field, which is modulated by a 15-Oe ac field at 100 kHz and 1 mW of microwave power.
III. RESULTS
The superconducting critical temperature (T C ) and transition width ( T C ) of Nb-down, Cu-down, Nb-up, and the three reference samples: Nb film (40 nm), V film (100 nm), and Nb (40 nm)/V (100 nm) bilayer (with V on the top of Nb), are shown in Table I . T C values were obtained by resistive measurements, choosing a criterion of 0.8R N , where R N is the normal-state resistance. Nb-down and Cu-down samples show wider and multistep transitions, T C = 0.5 and 0.4 K, and T C = 4.08 and 4.33 K, respectively. Nb-up and the reference V film show the same T C = 4.77 K and T C = 0.01 K. The lower T C and larger T C of the samples with underlying dots can be attributed to the presence of corrugation (film thickness variations) [25] and confinement effects [26] . Since the dot dimensions (d = 70 nm and t = 40 nm) are comparable to the Bardeen-Cooper-Schrieffer (BCS) coherence lengths-ξ o,Nb = 38 nm [27] and ξ o,V = 44 nm [28] for Nb and V, TABLE I. Superconducting critical temperature (T C ) and transition width ( T C ) obtained by zero-field resistance measurements. The value of T C was determined by 0.8R N criterion. respectively-it is expected that these two effects play an important role. Confinement can also weaken superconductivity in the thinner regions of the corrugated V film where vortex pinning may occur preferentially.
Nb-up and V-film reference sample have the same T C which confirms that there is no strong proximity coupling between V film and Nb dots. This lack of interaction between Nb and V can be related to the appearance of an oxide layer which could be formed during the anodic aluminum oxide (AAO) membrane transfer process. Consequently, proximity effects between Nb dots and V film are neglected in this paper. In addition, the critical temperatures of Nb/V bilayer and Nb-film reference sample are very similar and therefore the superconductivity of Nb film is not significantly affected by the proximity with V in the Nb/V bilayer.
We measured the T C of Nb dots by MFMMS at different magnetic fields before V-film deposition. This high-sensitivity technique allows detecting superconductivity in discontinuous systems. Figure 2(a) shows the temperature dependence of the MFMMS signal across the SC transition. In spite of the high microwave power absorption by the Si substrates, the SC transition peak of Nb nanodots appears as a peak [24] at 6.1 K. The result shown in Fig. 2(a) was obtained with 200-Oe dc field applied perpendicular to the sample surface. No significant change of the SC transition temperature was observed for magnetic fields below 1000-Oe dc field. After the V film deposition on the Nb dots (sample Nb-down), we measured magnetization loops above the T C of V, at 4.5 and 6 K. The M(H ) loops in Fig. 2(b) confirm the SC character of the Nb dots after V deposition. The rather low T C = 6.1 K for the bare Nb dots lattice confirms the effect of finite size and lateral confinement in the sample. Figure 3 shows the M(H ) loops normalized to maximum magnetization of the three samples below 3 K at the SC state. Prominent peaks up to fifth order can be observed for both Cu-down [ Fig. 3(b) ] and Nb-down [ Fig. 3(c) ] samples. These peaks precisely occur at the same field values for both samples. Furthermore, the periodicity of the peaks, H = 2.12 ± 0.02 kOe, correctly agrees with the matching field values expected for a similar triangular array of dots with a lattice parameter a = 100 ± 10 nm, H n = n 2 √ 3 ∅ 0 a 2 = n(2.39 ± 0.48) kOe, where ∅ 0 = 2.07 × 10 −15 Wb is the flux quantum, and n is the matching field order. This indicates that the vortex lattices in both samples, with SC and non-SC pinning centers, are commensurate to the pinning landscape at the same fields, i.e., to the lattice parameter determined by SEM. Note that the initial position of the vortices in relation to the pinning sites, either on vertices or interstitial, does not affect the lattice parameters, i.e., matching field values (see drawn hexagons in Fig. 1 ). It is also worth noting the lack of matching anomalies in the Nb-up sample which can be attributed to the absence of corrugation in the V film. Figure 4 shows the normalized magnetoresistance R(H )/R N used to compare the pinning strength of all three samples close to T C . Matching fields are observed in Cu-down [ Fig. 4(b) ] and Nb-down [ Fig. 4(c) ] samples at the same field values, which is consistent with magnetization data in Fig. 3 . Nb-down shows pronounced minima up to the second order in a wide temperature range, from 3.83 to 4.10 K (0.94T C to 0.99T C ), whereas Cu-down shows less pronounced minima only up to the first order in a narrower temperature range, from 3.95 to 4 K (0.91T C to 0.92T C ). Furthermore, as expected from the magnetometry [ Fig. 3(a) ], no matching effects are observed for Nb-up [ Fig. 4(a) ].
In order to highlight important differences between the three samples, we compare the normalized resistances and magnetization at the same reduced temperature in Fig. 5 . The normalized M(H )/M 0 superconducting loops at T /T * = 0.52 for Nb-up, Nb down, Cu-down, and the Nb/V bilayer are shown in Fig. 5(a) . The Nb-down sample shows stronger superconductivity, evidenced by sharper matching field peaks and larger loop width. We computed the normalized loop widths M(H )/M 0 from Fig. 5(a) . These widths are proportional to the critical current density, J C (H ), as stated by the Bean model [29] . At T /T * = 0.52 K,J C of Nb-down, evaluated at the second matching field, shows a relative increase of ∼30% with respect to Cu-down, ∼120% with respect to Nb-up, and ∼190% with respect to Nb/V bilayer. Figure 5 (b) shows R(H )/R N at T /T * = 0.92 with T * the onset of the superconducting transition for each sample. Close to T C , the normalized resistance is higher for the Nb-down than the other two samples. Despite the superconducting character of the Nb dots, in this temperature range, the superconductivity of Nb-down weakens more with temperature than Cu-down.
In order to understand why the sample with superconducting pinning centers has higher critical current density at low temperature but higher resistance and lower critical temperature, we compared the temperature dependence of the critical fields and the normalized areas of the hysteresis loops of three samples. The inset of Fig. 6 compares the temperature dependence of the critical field (H C2 ) calculated from the loops in Fig. 3 at M(H ) = 0. Below T = 3 K, H C2 of Nb-down is higher than Cu-down and Nb-up, while it is lower above T = 3 K. Extrapolated H C2 (T = 0 K) values are 36.4, 32.9, and 27.7 kOe for Nb-down, Cu-down, and Nb-up, respectively. Figure 6 shows the total area of M/M o versus H cycles as a function of temperature for the three samples. These normalized hysteresis loop areas are also related to the critical currents since H C2 does not vary significantly between samples [see Fig. 5(a) ]. The difference in critical current density of Nb-down and Cu-down decreases with temperature until they cross at T ∼ 3 K. This result is consistent with the behavior of the critical field values for all samples.
IV. DISCUSSION
Although Nb-down has lower T C than Cu-down and Nb-up, we can separate two different temperature regions in which the comparison between the other SC parameters changes gradually. At low temperatures, T < 3 K, the sample with SC pinning centers (Nb-down) shows more robust superconductivity characterized by sharper matching field peaks, higher critical fields, and larger critical currents (see Figs. 5 and 6 ). However, as temperature increases, the SC properties of V on the SC pinning centers (Nb-down) decrease faster, even though the Nb dots remain in the SC state. Above 3 K, Nb-down shows higher resistance, lower critical currents, and lower critical fields (see Figs. 5 and 6), although it shows well-defined resistive minima up to second order in an unusually wide temperature range [see Fig. 4(c) ]. These minima occur at the expected matching field values, consistent with magnetization data in Fig. 3 .
This behavior cannot be attributed to better pinning in non-SC dots, since SC dots show sharper and higher-order resistive minima. We relate this contradictory behavior to a change in the nature of the resistance minima at 3 K. Previous pinning experiments show that when ξ (T ) becomes larger than the edge-to-edge distance between pinning centers (w), the nature of resistance minima changes. Minima are no longer related to commensurability of the vortex lattice and the pinning centers [30] [31] [32] . They arise from fluxoid quantization, which induces additional T C suppression at noninteger flux quanta [33] . This behavior is known as the superconducting wire network regime.
For the three samples, ξ (T ) = ( ∅ 0 2πH C2 (T ) ) 1/2 was calculated from the temperature dependence of the upper critical field depicted in the inset of Fig. 6 for T 3.5 K and from the upper critical field measured by transport for T > 3.8 K. In the latter, H C2 was defined at 80% of the normal-state resistance in the superconducting transition measured with different applied fields. Figure 7 shows the temperature dependence of
for the three samples. The extrapolated zero-temperature ξ (0) are 9.52, 10, and 10.91 nm for Nb-down, Cu-down, and Nb-up, respectively. The horizontal dotted line in Fig. 7 indicates the temperature at which the vortex core diameter [∼1.84 × ξ (T )] becomes comparable to the edge-to-edge separation between the dots (w ∼ 30 nm). The crossover at which 1.84 × ξ ∼ w = 30 nm coincides with the temperature where H C2 and J C of Nb-down and Cu-down samples cross (T ∼ 3 K).
In addition, one of the consequences of the SC network regime is the appearance of H C2 oscillations [16, 17] with the same field period as that observed in the R(H ) curves. The inset of Fig. 7 shows the nonlinear temperature dependence of H C2 for Nb-down in which a peak at the first matching field, H 1 = 2.08 kOe, is superimposed. This curve suggests the change to a SC network regime near T C .
It has been shown that in samples with non-SC pinning centers, vortices pin on top of the dots, and in interstitial positions depending on the external applied magnetic field. When the applied field reaches H = H s = n s H 1 , where n s is the "saturation number," an additional flux line penetrating the film will be repelled into the interstitial region between the dots [34] . Interstitial vortices are only stable due to caging between vortices [6, 35] . On the contrary, it is accepted [18] that SC pinning centers pin vortices in interstitial positions. This is due to the diamagnetic repulsion between vortices and SC pinning sites. Based on these results, we assume that in Cu-down, vortices pin on top of the attractive pinning centers and in interstitial positions. Note that for T < 3 K,
∼ 1 and the maximum number of vortices per pinning center derived from Fig. 3 is n max = 5. In Nb-down, the vortices pin preferentially in interstitial positions. SEM images of samples similar to the ones described here indicate that the superconducting layer on top of the nanodots is thinner between dots and thicker on top of the dots. In addition the low ratio a/d ∼ 1 corresponds to the case of thin superconducting interstices of width a − d ∼ ξ o [36] . These results support our point; corrugation and confinement effects weaken the superconductivity in interstitial positions. Therefore these regions act as preferential pinning centers. At low temperatures, the repulsive interactions exerted by the SC pinning sites assist pinning by caging the vortices at interstitial positions. However, at higher temperatures, the interaction between SC pinning sites and flux lines weaken the superconductivity when the superconducting regime changes from pinning enhancement to SC wire network in which fluxoids spread over several dot lattice cells. This vortex regime change explains the overall increase in the resistance and the crossover in the temperature dependence of the critical field and critical current of Nb-down and Cu-down samples at T = 3 K.
The previous argument also explains the lack of pinning in samples without corrugation, i.e., Nb-up sample. Corrugation is still the main pinning mechanism, while the repulsive forces between the diamagnetism of the pinning centers and the vortices strengthens the pinning at low temperature, but it is not enough to lock the vortex lattice by itself.
However, further studies on the interaction between vortices and pinning centers across the transition to the SC wire network regime are necessary to support the conclusions. In order to obtain more information on the processes behind the observed decrease of the SC thin film properties, we suggest that a study of this process using different dot widths and lattice parameters is required. Ideally one would choose two materials that fulfill T C ,dots > T C ,film and H C 2,dots < H C 2,film . This system would allow tuning the SC state of the dots by applying an external field, while the film is in the wire network regime. If superconductivity of the dots is related to the decrease of the superconducting properties of the thin film, a sudden improvement of them is expected when the dots become a normal metal.
V. CONCLUSIONS
We presented a systematic study on the role of superconducting pinning centers and corrugation on the pinning in the superconducting film. The corrugation decreases the critical temperature of the film, but it is necessary for pinning. SC pinning centers strengthen the pinning, increasing the sharpness and depth of resistance minima and the width of magnetization loops at low temperatures (below 3 K). However, these behaviors show unexpected temperature dependence and the presence of SC pinning centers induces a faster decrease of the SC properties above 3 K. The V thin film (T C ∼ 4.5 K) with Nb pinning centers (T C ∼ 6.1 K) has a higher resistance, lower critical field, lower critical temperature, and lower critical current than a V thin film with Cu pinning centers. This effect is related to a change in the nature of the resistance minima when the edge-to-edge distance between pinning centers is of the order of the vortex core diameter.
